The formation of healthy gametes depends on programmed DNA double strand breaks (DSBs), which are each repaired as a crossover (CO) or non-crossover (NCO) from a homologous template. Although most of these DSBs are repaired without giving COs, little is known about the genetic requirements of NCO-specific recombination. We show that Fml1, the Fanconi anemia complementation group M (FANCM)-ortholog of Schizosaccharomyces pombe, directs the formation of NCOs during meiosis in competition with the Mus81-dependent pro-CO pathway. We also define the Rad51/Dmc1-mediator Swi5-Sfr1 as a major determinant in biasing the recombination process in favour of Mus81, to ensure the appropriate amount of COs to guide meiotic chromosome segregation. The conservation of these proteins from yeast to Humans suggests that this interplay may be a general feature of meiotic recombination.
between homologous chromosomes (homologs).
However, in most cases only a minority of the DSBs are earmarked to form COs, and therefore the majority have to be repaired by using either the homolog without CO formation or the sister chromatid (1).
In order to identify helicase activities involved in non-crossover (NCO)-recombination during meiosis in the fission yeast Schizosaccharomyces pombe, we screened for helicases potentially capable of D loop unwinding during synthesis-dependent strand annealing (SDSA), which is thought to be a major pathway of NCO recombination (1). To this end, we used a genetic recombination assay consisting of a meiotic recombination hotspot at the ade6 gene and two flanking scorable markers (Fig. 1A) . We hypothesized that at least one of the helicases promoting NCO recombination pathways in mitotic cells would also have a role during meiosis. From our candidate list -fbh1, srs2, rqh1, fml1
and fml2 -only the deletion of fml1 gave the expected increase in CO formation associated with a meiotic gene conversion (GC) event at two different hotspot alleles, ade6-M26 and ade6-3083, and at a non-hotspot allele ade6-M375 (Fig. 1 , B and C, and tables S1 to S3) (2) (3) (4) (5) .
Increases in COs were also observed on a different chromosome ( Fig. 1D and table S4) and by a physical assay at the mbs1 locus ( fig. S1 ), indicating that Fml1's role in suppressing CO formation is not restricted to a single locus.
In vitro purified Fml1, like its budding yeast ortholog Mph1, unwinds D loops and is therefore suited to promoting SDSA ( Fig. 1E ) (6, 7) . The fml1-K99R mutant, which encodes protein that retains full DNA binding activity but is unable to unwind D loops ( Fig. 1E and fig. S2 ), exhibits the same hyper-CO phenotype as the null mutant indicating that Fml1's helicase function is required for NCO formation (Fig. 1C) (8, 9) .
In fission yeast the formation of CO products from joint DNA molecules depends on the endonuclease Mus81-Eme1 (10) . The deletion of mus81 causes joint DNA molecules to remain unresolved, which prevents chromosome segregation and results in a reduction in the viability of progeny ( These data indicate that at best, Fml1 only poorly substitutes for the loss of the CO recombination pathway by feeding joint molecules into a NCO pathway. The meiosis-specific Rad51-paralogue Dmc1 has been shown to form D loops, which are more resistant to dismantling by DNA translocases than those formed by Rad51 (13);
however, in fission yeast deletion of dmc1 does not change the level of COs associated with GCs (table S2) .
The Rad51/Dmc1-mediator complex Swi5-Sfr1 (14) is required for wild-type levels of CO and its deletion ameliorates the defects seen in a mus81Δ mutant (Fig. 2, A, B and C) (15) . This rescue of mus81Δ by sfr1Δ and the reduction of CO formation associated with GC in a sfr1Δ single mutant depend on the presence of fml1 ( S4 and table   S8 ).
Under vegetative growth conditions mus81Δ fml1Δ strains display synthetic sickness (6) , and therefore to confirm that the phenotypes we observe during meiosis are caused by the failure to process meiotic recombination intermediates, we abrogated meiotic DSB formation by deleting rec12 (also termed spo11) in mus81Δ sfr1Δ, mus81Δ fml1Δ and mus81Δ fml1Δ sfr1Δ
strains. The spore viabilities of the mutant combinations were higher than or similar to the 12.5% expected from random segregation of three chromosome pairs (Fig. 2D ).
Although the spore viability in the mus81Δ fml1Δ rec12Δ
and mus81Δ fml1Δ sfr1Δ rec12Δ crosses is not completely restored to rec12Δ levels, the rescue is robust enough to attribute much of the meiotic failure of these mutant combinations to a breakdown in processing meiotic recombination intermediates.
The transcription of mus81, eme1, swi5 and sfr1 is upregulated (by two-to sixfold) at the start of meiosis, whereas that of fml1 is not (16 
METHODS
Yeast strains and plasmid construction. Schizosaccharomyces pombe strains used for this study are listed in Table S10 . Yeast cells were cultured in YES broth and on YES plates, unless they contained plasmids, in which case the cells were grown in PMG broth and on PMG (or EMMG in the case of fig. S5 ) agar plates containing the required supplements (concentration ~250 µg/ml). Sporulation of crosses were performed on ME agar, expect for crosses with strains containing plasmids, which were done on SPAS agar supplemented with the required amino acids (concentration ~50 µg/ml). Determination of spore viability by random spore analysis and the meiotic recombination assay have been previously described in detail (12, 17, 21, 22) .
The sfr1 gene was deleted in strain ALP729 using natMX4 as the selectable marker, by cloning up-and downstream flanking sequences of sfr1 into pAG25 (23) . This construct removes the complete open reading frame except for 6 nucleotides at the 5' end. The resulting strain was verified by PCR and genotoxin testing. For dmc1 the ura4 + gene in an already existing dmc1Δ::ura4 + strain was targeted with a construct carrying the natMX4 marker from pAG25, from this transformation clonNAT-resistant Ura -colonies were selected.
All plasmids used in this study have been verified by sequencing. Plasmids pREP41 (24), pFml1 + (pMW848, pREP41-Fml1) (6), pFml1 ++ (pALo64, pREP1-Fml1; the fml1 open reading frame was excised from pMW848 as a SalI-SmaI fragment and cloned into pREP1), pFml1-K99R (pALo70, pREP1-Fml1-K99R; introducing an A296G point mutation into fml1 using QuikChange XL site-directed mutagenesis, Agilent Technologies, CA), pFml1-D196N (pALo71, pREP1-Fml1-D196N; introducing a G586A point mutation into fml1 using QuikChange XL site-directed mutagenesis), pFbh1
; the fml2 open reading frame was amplified from genomic DNA and cloned as NdeI-BamHI fragment into pREP41), pRusA (pMW437, pREP1-NLS-
(1-527) ) (18) , and pGEN1 ++ (pALo61, pREP1-GEN1 (1-527) ; the
GEN1
(1-527) sequence was excised from pALo52 as a BamHI-NcoI fragment and cloned into pREP1) were transformed into fission yeast strains FO808, FO1260, FO1267, MCW1221, MCW1237, MCW1238, MCW3202/ALP733, MCW3514/ALP802, MCW4994/ALP1170, and MCW5169/ALP1267, and the resulting strains tested for spore viability and in the meiotic recombination assay. Note that in our experiments with GEN1 we use an active truncated form (GEN1 1-527 ) because it expresses well in S. pombe and has been characterized extensively in vitro (18, 27, 28) .
Meiotic time courses, microscopy and gel electrophoresis of crossover DNA products. The protocol for azygotic and pat1-114 diploid meiotic time courses has been described in detail (29) . Samples of each time course were fixed in 70% ethanol, stained with Hoechst 33342 and their meiotic progression was checked by assessing the relative numbers of uninucleate, horsetail, and multi-nucleate cells in 60 minute intervals. Spreading of nuclei and subsequent processing was performed as described previously (29) . For immunostaining rabbit α-Rec10 (30) and mouse α-c-Myc (Sigma-Aldrich Company Ltd., Dorset, UK) antibodies were used. All analysis was performed using an Olympus BX50 epifluorescence microscope equipped with the appropriate filter sets to detect red, green, and blue fluorescence (Chroma Technology Corp., VT). Black-and-white images were taken with a CoolSNAP HQ 2 CCD camera (Photometrics, AZ) steered by MetaMorph software (v7.7.3.0, Molecular Devices Inc., CA). Images were pseudo-coloured and overlayed using Adobe
Photosop CS5 (v12.0, Adobe Systems Inc., CA). Physical analysis of crossover products at mbs1 was performed as outlined previously (31) .
D loop binding and unwinding assays.
We have been unable to purify full-length Fml1 and therefore for biochemical assays active C-terminally truncated forms of Fml1, Fml1-K99R, and Fml1-D196N were purified and tested for D loop binding and unwinding as described (6) . Binding reactions (20 µl) contained 0.5 nM labeled D loop in binding buffer (50 mM Tris-HCl, pH 8.0, 1 mM DTT, 100 µg/ml BSA, 6% glycerol). Reactions were started by addition of protein and incubated for 15 minutes on ice before resolving bound and unbound DNA on a 4% native polyacrylamide gel in low ionic strength buffer (6.7 mM Tris-HCl, pH 8.0, 3.3 mM sodium acetate, 2 mM EDTA). Unwinding reactions (20 µl) contained 0.5 nM labeled D loop in binding buffer plus 2.5 mM MgCl 2 and 5 mM ATP. Reactions were started by addition of protein and incubated for 30 minutes at 37 °C before being stopped by adding 5 µl of stop mix (2.5% SDS, 200 mM EDTA, 10 mg/ml proteinase K) and further incubation at 37 °C for 15 minutes to deproteinize the mixture. Products were analyzed by electrophoresis through a 10% native polyacrylamide gel in 1 x TBE buffer. Gels were dried on 3 MM Whatman paper and analyzed with a Fuji FLA3000
PhosphorImager (Fujifilm Corp., Japan).
Statistics. Statistical analysis for the recombination data was performed in Excel (Microsoft Office), in G*Power 3. Tables S1,   S2 , S3, S4, and S9. The P values of the Fisher's exact test in Table S7 are given for a comparison with the mus81Δ cross and were calculated at a statistical power of 1-β > 0.95. H 0 ('data sets being similar') was rejected at an α-level P <0.1. In Figs. 1B-D, 2C, 3A, and 4B P <0.01 is indicated by three asterisks, P >0.01 <0.05 by two, and P >0.05 <0.1 by one.
5 SUPPLEMENT Table S1 . Frequency of gene conversion and crossing over in the ura4
The values are the means from n independent crosses and the values in brackets are the standard deviations. The number of Ade + recombinants tested is indicated, as is the total number of viable spores analyzed for crossing over between ura4 + -aim2 and his3 + -aim. ade6-M26 is a known hot spot for recombination and therefore acts predominantly as a recipient of genetic information, this and the order of markers explains the disparity between P1/R1 and P2/R2 classes. CentiMorgan (cM) are calculated from the accumulated data of the independent crosses, not from the mean values, using the mapping function of Haldane. P values are calculated by a two-tailed Mann-Whitney U test against the data from the wild-type cross (MCW1196 × MCW1195). , highly significant; e P = 0.177, not significant; f P = 5.733 × 10 -7 , highly significant. g P = 0.312, not significant; h P = 0.725, not significant; i P = 2.073 × 10 -3 , highly significant. j P = 0.143, not significant; k P = 9.311 × 10 -3
Cross
, highly significant; l P = 0.121, not significant. m P = 1.367 × 10 -4
, highly significant; n P = 0.286, not significant; o P = 0.416, not significant. p P = 0.067, significant at an α-level of 0.1; q P = 3.747 × 10 -3 , highly significant; r P = 0.242, not significant. § data from Ref. (2), overall the GC and the CO frequencies are increased in fbh1Δ compared to wild type, something that was not as pronounced, especially for the COs, in our previous data set (2) . This increase in GC and CO could be caused by either more DSBs or by changes in the interhomolog bias (similar to what has been suggested for RTEL-1 (20)). Previously, fbh1Δ has been shown to have poor spore viability, therefore we cannot discount the possibility that it has an effect on the CO/NCO decision during meiosis (2) . † Fml2 and Fml1 are paralogs, and therefore have the potential to be functionally redundant with each other. We included the fml1Δ fml2Δ double mutant in our analysis to test this possibility.
6 a P = 0.41, not significant; b P = 2.897 × 10 -6 , highly significant; c P = 1.0, not significant. d P = 0.159, not significant; e P = 5.549 × 10 -6 , highly significant; f P = 0.041, significant at an α-level of 0.05. g P = 0.025, significant at an α-level of 0.05; h P = 0.007, highly significant; i P = 0.899, not significant. j P = 0.061, significant at an α-level of 0.1; k P = 2.449 × 10 -4 , highly significant; l P = 0.575, not significant. m P = 9.12 × 10 -6
, highly significant; n P = 8.427 × 10 -4
, highly significant; o P = 9.12 × 10 -6 , highly significant. p P = 2.412 × 10 -6 , highly significant; q P = 3.884 × 10 -5 , highly significant; r P = 7.093 × 10 -6 , highly significant. s P = 9.12 × 10 -6
, highly significant; t P = 9.12 × 10 -6 , highly significant; u P = 9.12 × 10 -6 , highly significant; s, t, u data is corrected for skewed random assortment of unlinked markers, as decribed previously (12) . v P = 6.54 × 10 -8
, highly significant; w P = 6.54 × 10 -8 , highly significant; x P = 2.861 × 10 -7 , highly significant; x data is corrected for strongly distorted crossing over frequencies. y This is an estimate, there were no ade + colonies among 32,276 plated spores; z P = 4.592 × 10 -6 , highly significant. A P = 5.021 × 10 -3
, highly significant; B P = 1.28 × 10 -3
, highly significant; C P = 0.017, significant at an α-level of 0.05. D P = 0.162, not significant; E P = 4.267 × 10 -3 , highly significant; F P = 0.031, significant at an α-level of 0.05. G P = 2.386 × 10 -4 , highly significant; H P = 0.382, not significant; I P = 7.301 × 10 -3 , highly significant. Although dmc1Δ shows moderate, but highly significant reductions in gene conversion at ade6 and crossing over between ura4 + -aim2 -his3 + -aim, it does not influence the CO/NCO-ratio associated with a gene conversion event. This indicates that Dmc1 is involved in choosing the homologous chromosome over the sister chromatid as a template (as previously discussed (32, 33) ), but does not impinge on the CO/NCO-decision once an extended D loop is formed. K P = 7.567 × 10 -aim. ade6-M375 is a known cold spot for meiotic DSB formation. Nevertheless recombination induced at this site causes a disparity between P1/R1 and P2/R2 classes, since ade6-M375 is the recipient of genetic information. CentiMorgan (cM) are calculated from the accumulated data of the independent crosses, not from the mean values, using the mapping function of Haldane. P values are calculated by a two-tailed Mann-Whitney U test against the data from the wild-type cross (ALP1541 × ALP731). a P = 0.025, significant at an α-level of 0.05; b P = 0.004, highly significant; c P = 0.055, significant at an α-level of 0.1. Table S4 . Frequency of crossing over in the his1-102 -leu2-120 -lys7-2 interval. The values are the means from n independent crosses, the values in brackets are the standard deviations. The total number of viable spores analyzed for crossing over between his1 and leu2, leu2 and lys7, as well as his1 and lys7. Since leu2 is located inbetween his1 and lys7, the segregation pattern of leu2-120 in these crosses was used to determine the frequency of double crossovers in the his1 -lys7 interval. CentiMorgan (cM) are calculated from the accumulated data of the independent crosses, not from the mean values, using the mapping function of Haldane. P values are calculated by a two-tailed Mann-Whitney U test against the data from the wild-type cross (ALP996 × ALP1002). Table S6 . Percentage of asci formed in a mating population. Strains with different mating types were mixed together, plated onto solid sporulation media and incubated at +25°C before being inspected after 2 and 3 days under a standard light microscope, except for the mus81Δ fml1Δ double mutant (ALP1050 × ALP1051), which was followed for 7 days. , highly significant b P = 0.008, highly significant c P = 0.565, not significant d P = 1.278 × 10 -4 , highly significant e P = 3.119 × 10 -6 , highly significant f P = 0.006, highly significant Table S8 . Mus81 foci in Rec10-positive nuclei of wild-type and sfr1Δ-2 strains (for details on staging of Rec10-stained linear elements see fig. S4 -aim. ade6-3083 is a known hot spot for recombination and therefore acts predominantly as a recipient of genetic information, this and the order of markers explains the disparity between P1/R1 and P2/R2 classes. CentiMorgan (cM) are calculated from the accumulated data of the independent crosses, not from the mean values, using the mapping function of Haldane. P values are calculated by a two-tailed Mann-Whitney U test against the data from the wild-type cross (ALP733 × FO1267 + pREP41). , highly significant; n P = 3.226 × 10 -5 , highly significant; o P = 4.146 × 10 -5 , highly significant. p P = 0.075, significant at an α-level of 0.1; q P = 0.187, not significant; r P = 0.553, not significant. s P = 0.007, highly significant; t P = 0.009, highly significant; u P = 0.176, not significant. v P = 0.301, not significant; w P = 2.209 × 10 -5 , highly significant; x P = 0.301, not significant. y P = 0.119, not significant; z P = 0.057, significant at an α-level of 0.1 (tested against mus81Δ + pREP1-rusA: P = 2.0 × 10 -3 , highly significant); A P = 0.686, not significant. B P = 0.141, not significant; C P = 3.226 × 10 -5 , highly significant; D P = 0.248, not significant. E P = 0.004, highly significant; F P = 0.332, not significant; G P = 0.396, not significant. 

